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the CC BY license (http://creativecommSummary Background: While spring-assisted cranioplasty has become a widespread tech-
nique to correct scaphocephaly in children with sagittal synostosis, predicting head shape
changes induced by the gradual opening of the springs remains challenging. This study aimed
to explore the role of cranial bone structure on surgical outcomes.
Methods: Patients with isolated sagittal synostosis undergoing spring-assisted cranioplasty at
GOSH (London, UK) were recruited (nZ 18, age: 3e8 months). Surgical outcome was assessed
by the change in cephalic index measured on 3D head scans acquired before spring insertion
and after their removal using a 3D handheld scanner. Parietal bone samples routinely discarded
during spring-assisted cranioplasty were collected and scanned using micro-computed tomog-
raphy. From visual assessment of such scans, bone structure was classified into one- or three-
layered, the latter indicating the existence of a diploe¨ cavity. Bone average thickness, volume
fraction and surface density were computed and correlated with changes in cephalic index.
Results: Cephalic index increased for all patients (p < 0.001), but individual improvement var-
ied. Although the patient age and treatment duration were not significantly correlated with
changes in cephalic index, bone structural parameters were. The increase of cephalic index
was smaller with increasing bone thickness (Pearson’s r Z 0.79, p < 0.001) and decreasing
bone surface density (rZ 0.77, p < 0.001), associated with the three-layered bone structure.pean Association of Plastic Surgeons (EURAPS) meeting in May 26e28, 2016 in Brussels (Belgium) and
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1590 N. Rodriguez-Florez et al.Conclusions: Variation in parietal bone micro-structure was associated with the magnitude of
head shape changes induced by spring-assisted cranioplasty. This suggests that bone structure
analysis could be a valuable adjunct in designing surgical strategies that yield optimal patient-
specific outcomes.
ª 2017 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by Else-
vier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).Table 1 Details of the recruited patients with sagittal
synostosis, including gender, age at spring insertion and
removal, and duration between spring insertion and
removal.
Gender Age at
insertion
(months)
Age at
removal
(months)
Time from
insertion to
removal (months)
P1 Male 3.7 8.1 4.4
P2 Male 4.1 8.7 4.6
P3 Male 4.1 9.7 5.6
P4 Male 4.3 8.6 4.3
P5 Male 4.7 7.9 3.2
P6 Male 4.8 7.9 3.1
P7 Male 4.8 10.0 5.2
P8 Male 4.9 9.3 4.4
P9 Male 5.0 10.2 5.2
P10 Male 5.4 9.4 4.0
P11 Male 5.4 9.0 3.6
P12 Male 5.5 8.9 3.4
P13 Male 5.6 8.7 3.1
P14 Male 5.7 9.2 3.5
P15 Male 6.1 10.7 4.6
P16 Male 7.2 11.9 4.7
P17 Male 7.2 11.4 4.2
P18 Female 7.4 11.6 4.2Introduction
Spring-assisted cranioplasty (SAC) has become an increas-
ingly widespread technique to correct scaphocephaly in
young infants with sagittal craniosynostosis.1e7 SAC in-
volves the fashioning of sagittal or parasagittal osteotomies
and the temporary placement of spring-like metallic dis-
tractors, which affect an ongoing intra- and post-operative
expansion to widen the biparietal width of the skull.
Overall, skull remodelling occurs in the subsequent weeks
and months,8 and the springs are removed after approxi-
mately 4 months.
The most common way of assessing surgical outcome in
SAC is by measuring the cephalic index (CI), defined as the
ratio between cranial width and length.1,3,6,8,9 After spring
removal, a ‘good’ surgical outcome is characterised by a
shorter and wider head shape compared to pre-operative
shape, which is reflected in an increase in CI. One of the
differences of SAC over other techniques is that the overall
change in head shape is not immediate but happens over
time. As such, at present, it is unclear which patient and
operative factors influence the final change in the CI. Un-
derstanding these factors will allow surgeons to make de-
cisions about optimal techniques for individual children.
One of the factors that is known to favour larger changes
in CI is the age of the patient, with younger patients found
to benefit more from SAC, presumably because of their
skull being more malleable.1,4,7,9 However, in our experi-
ence, age alone is not always an accurate predictor of the
change in CI with SAC.
Considering that springs work by exerting force on
adjacent cranial bone, bone structure is expected to in-
fluence the response of the cranium to this mechanical
treatment,10e12 thus affecting head shape.13e15 The cranial
bone grows through intramembranous ossification, evolving
from a one-layered cancellous tissue that easily adapts to
the growing brain, to a complex sandwich-like three-
layered structure that is ideal to absorb impacts.16e18 This
sandwich structure is composed of inner and outer layers of
compact bone (termed ‘tables’) and spongy tissue called
‘diploe¨’ in between. Although the micro-structural differ-
ences have implications in the mechanics, it is not clear at
which exact stage during development this one- to three-
layer transition happens.17
The current study aimed to investigate the micro-
structure of the cranial bone in infants with sagittal cra-
niosynostosis undergoing SAC to better understand the
impact of the cranial bone on surgical outcomes. Bone
structural properties were derived from high-resolution
micro-computed tomography, while surgical outcomeswere assessed by measuring the CI on 3D head scans ac-
quired using a 3D handheld scanner.
Methods
Patient population
Eighteen consecutively consented patients with non-
syndromic, single suture, sagittal synostosis (1 female, 17
males) who underwent SAC at Great Ormond Street Hospital
for Children (GOSH, London, UK) were prospectively
recruited for this study between May 2015 and February
2016. The age of the patients at the time of spring insertion
was 5.3  1.1 months, and springs were removed 4.2  0.8
months later (Table 1). Written parental consent was ob-
tained in the pre-operative clinic for bone collection and
head 3D scanning. Tissue samples were collected under
ethical approval from the Camden and Islington Community
Local Research Ethics Committee (London, UK). All bone
samples were handled in accordance with the Human Tissue
Act requirements.
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SAC is performed at GOSH to correct scaphocephaly in
young children with sagittal synostosis. Details about the
surgical technique can be found at Rodgers et al. (2017).19
Spring insertion is performed with the patient in prone
position through one small transverse scalp incision. After
making a rectangular craniotomy around mid-way between
the coronal and lambdoid sutures, two parasagittal
osteotomies are made extending from the coronal to
lambdoid sutures. Two standardised metal springs (Active
Spring Company, Thaxted, UK) are then placed on each side
of the osteotomy. The springs open gradually, driving the
skull to widen on-table and over subsequent weeks and
months. Approximately 4e5 months after insertion, the
springs are removed with a second short procedure.
Bone collection and analysis
Rectangular bone samples, containing left and right parie-
tal bone and fused sagittal suture, usually discarded when
performing the craniotomy during SAC (Figure 1) were
collected from the operation theatre in a sterile Falcon
tube containing Leibovitz’s L-15 media (Gibco) (n Z 18).
Bone samples were fixed in 4% paraformaldehyde (Sigma)
within 24 h after collection and cut parallel to the fused
suture to create beams containing only parietal bone
(Figure 1). Samples were wrapped in sterile gauze soaked in
phosphate-buffered saline (PBS) (Gibco) and stored in
sterile tubes at 20 C until the time of the micro-
computed tomography (mCT) scanning.
Prior to mCT scanning, parietal bone samples were
defrosted at room temperature and wrapped in gauze with
PBS to prevent from drying during the scan. Scans were
acquired using an XTH225 ST microfocus-CT scanner (Nikon
Metrology, Tring, UK) with a multimetal target. The target
material used for this study was Tungsten, with 1-mm thick
aluminium filter applied to reduce beam-hardening arte-
fact. The accelerating voltage selected was 110 kV, with a
current of 64 mA for all scans. CT scans were reconstructedFigure 1 Collection and micro-computed tomography scan-
ning of parietal bone samples discarded from spring-assisted
cranioplasty. The location of the collected sample, around
mid-way between the anterior and posterior fontanelles, is
indicated as a black rectangle on the head model; 3D repre-
sentation of the whole sample, including fused sagittal suture;
and the piece of parietal bone cut parallel to the fused suture,
which is used for the structural analysis.using proprietary software (CTPro3D, Nikon Metrology UK)
by using modified Feldkamp filtered back projection. The
resultant volumes had isotropic voxel sizes of 5e8 mm
(equivalent to an approximate resolution of 6e9 mm)
depending on the degree of magnification achieved, which
was limited by specimen size.
Bone structure derived from mCT was assessed as shown
in Figure 2. First, grey value stacks of original images were
used to visually classify bone into (i) one-layered cancellous
bone and (ii) three-layered bone with a sandwich structure
of inner and outer tables and a diploe¨ cavity (Figure 2a).
Quantitative measurement of bone structure was per-
formed following the guidelines of Bouxsein et al.20 Post-
processing was carried out using the ImageJ software21:
thresholding was applied to the original stacks to segment
the bone matrix, which resulted in a stack of binary images
with mineralised bone tissue in black (Figure 2b, ‘binarised
bone’); holes within the bone were filled to obtain an image
representing the total cranial bone as a solid volume
(Figure 2c, ‘binarised total’). Bone structural parameters
were measured using BoneJ plugin.22 The binarised images
were used to calculate bone volume (BV) and bone surface
area (BS), while average thickness (Th), total volume of
interest (TV) and total surface (TS) were calculated from
the ‘binarised total’ images. Bone volume fraction (BV/TV)
was computed as the percentage of bone to total volume.
Bone surface density (BS/TV) was calculated as a ratio
between bone surface and total volume. Because compact
bone has less bone surface area than bone structured with
many small trabeculae, BS/TV is higher in trabecular-like
bones.
3D Scanning: cephalic index
Head shape change induced by SAC on the recruited pa-
tients was assessed as the difference in CI measured on 3D
scans of the head acquired immediately before spring
insertion (CIinsertion) and immediately after their removal
(CIremoval) (Figure 3). Scans were acquired using a 3D
handheld scanner (M4D Scanner, Rodin4D, Pessac, France)
and post-processed as detailed in Tenhagen et al. (2016).23
Briefly, scans were exported as 3D computational surface
meshes and post-processed to clean artefacts and isolate
the region of interest (i.e. the calvarium). The images were
then imported to the Rhinoceros 3D software (Robert
McNeel & Associates, Seattle, WA, USA) to measure cranial
width and length for the computation of CI. The relative
change in CI was calculated as follows [Eq. (1)]:
% change in CIZ
CIremovalCIinsertion
CIinsertion
 100 ð1Þ
Statistical analysis
Statistical analysis was performed using R (v. 3.3.0, R Foun-
dation for Statistical Computing, Vienna, Austria). Mean
values and standard deviations (mean  SD) were calculated
for the measured parameters. Normality of the data was
assessed using the ShapiroeWilk test. CIs before spring
insertion (CIinsertion) and after removal (CIremoval) were
compared using paired t-tests. ManneWhitneyeWilcoxon
Figure 2 Approach used to analyse bone structure from micro-computed tomography images. (a) 2D stacks of original images are
used to visually classify bones into one- or three-layered structures. (b) Thresholding techniques are then employed to segment
bone tissue and obtain binarised images with bone in black. Bone volume and surface are computed from ‘binarised bone’ images.
(c) Holes in binarised bone images are filled to obtain the total volume of interest. Bone thickness, total volume and surface are
measured on ‘binarised total’ images.
Figure 3 3D head scan of a patient (P10) before spring insertion (left) and after removal 4 months later (right) used to measure
the cephalic index (CI).
1592 N. Rodriguez-Florez et al.test was used to compare the change in CI and structural
parameters for one- and three-layered bones. Correlations
between different parameters and changes in CI were
assessed by computing Pearson’s r correlation coefficient.Cook’s distance D24 was calculated, and data points with D
greater than four times the mean were excluded from the
correlation analysis. Differences were considered significant
at p < 0.05.
Figure 4 Boxplots representing cephalic index (CI) of the
population before spring insertion and after removal. CI is
significantly higher at the time of spring removal (*p < 0.001).
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Change in CI
CI increased from prior to spring insertion
(CIinsertion Z 69.0  2.7%) to post-removal
(CIremoval Z 73.0  3.0%) for all patients (p < 0.001)
(Figure 4). The relative increase in CI varied between 3.5%
and 9.6%.Influence of age and treatment duration on CI
Overall, SAC resulted in bigger changes in CI for younger
patients (Figure 5). However, age alone could not explainFigure 5 Relationship between change in cephalic index (CI) and
patients (P16 and P17) show substantially different outcomes: P17,
in CI (top) than P16 whose bone sample has a three-layered structu
assessment.the variation in CI improvements found in the population
(nZ 17, Pearson’s rZ 0.38, pZ 0.13). For example, two
patients of the same age had substantially different out-
comes: P17 had a change in CI of 9.6%, whereas P16 had
only a 4.2% change. Despite being the same age, bone
structure from these two patients was different on visual
assessment (Figure 5). Further, similar to age, the duration
of SAC treatment from spring insertion to removal did not
have a significant correlation with changes in CI (n Z 18,
r Z 0.34, p Z 0.17).
Cranial bone structure
Representative cross-sections of mCT scans of the collected
parietal bone samples are shown in Figure 6. Eleven out of
18 bones had a one-layered structure (Figure 6a), while in
seven, the two external layers of cortical bone and the
diploe¨ cavity were present (Figure 6b). The earliest time at
which a diploe¨ cavity was seen was at 4.7 months of age
(P5), while the latest time at which the bone still had a one-
layered structure was at 7.2 months (P17).
Influence of cranial bone structure on CI
One-layered bones were associated with bigger changes in
CI than three-layered bones (p Z 0.016) (Figure 7).
The average values of Th, BV/TV and BS/TV were
2.37  0.59 mm, 50  10% and 882  143 mm1, respec-
tively. There was a significant increase in Th (Figure 8a) and
a decrease in BS/TV (Figure 8b) from one- to three-layered
bones (p Z 0.026 and p Z 0.015, respectively). There was
no difference on BV/TV between one- and three-layered
bones (p Z 0.285).
Strong relationships were found between the change in
CI and average Th (Figure 9a, nZ 18, Pearson’s rZ 0.79,patient age at the time of spring insertion. Two 7.2-month-old
whose bone has a one-layered structure, shows a bigger change
re (bottom), as visualised through micro-computed tomography
Figure 6 Representative micro-computed tomography cross-sections of scanned parietal bones. (a) Samples with a one-layered
structure from patients P1, P15 and P17; (b) Samples with a three-layered structure formed by outer cortical shells and a diploe¨
cavity from P11, P14 and P16.
Figure 7 Changes in cephalic index (CI) for bones classified
as one or three layered. Bones with a three-layered structure
display a lower change in CI. *p < 0.05.
1594 N. Rodriguez-Florez et al.p < 0.001) and BS/TV (Figure 9b, n Z 18, r Z 0.77,
p < 0.001). No correlation was found between the change
in CI and BV/TV (r Z 0.06, p Z 0.818).
Discussion
SAC is becoming an increasingly popular surgical technique
to correct scaphocephaly in children with sagittal synosto-
sis. However, predicting head shape changes induced by the
gradual opening of the springs remains challenging. This
study provides insight into the relationship between cranial
bone structure in children with non-syndromic single suture
sagittal synostosis and surgical outcomes.
The cranial bone has a complex structure, which evolves
from a one-layered cancellous tissue to a three-layered
bone composed of compact inner and outer tables with a
diploe¨ cavity in the middle.14 The current study revealed,
through high resolution mCT of parietal bone samples, that
in 3e8-month-old patients with sagittal synostosis, both
types of structure can be distinguished. A diploe¨ cavity was
found on a patient as young as 4.7 months of age, while,
some of the oldest bones still had a one-layer structure.
This is of paramount importance for craniofacial surgery as
the observed and quantified differences in cranial bone
structure were related to the amount of change in CI ach-
ieved in SAC.
SAC induced an improvement of CI for all patients, with
mean values of 69% for CIinsertion and 73% for CIremoval
comparable with previous reports.3,6,23 However, the rela-
tive improvement in CI was not the same for all patients.
Although as a rough rule, the youngest patients yielded
better results, the age of the patient alone could not
explain why some older patients had bigger changes in CI
than younger patients (Figure 5). In addition, increasing the
duration between spring insertion and removal, which
varied between 3.1 and 5.6 months, did not result in sig-
nificant improvements in CI. In fact, the current study
indicated that, for 3e8-month-old patients, parietal bone
structure shows a stronger association with head shape
changes following SAC than age or treatment duration.The thinnest bones with the biggest BS/TV, which
correspond to one-layered bones (Figure 8), led to the
largest relative changes in CI (Figure 9). This suggests that
one-layered bones are more susceptible for induced me-
chanical changes, which would be in accordance with the
role that both types of parietal bones play during skull
development15,18; initial one-layered bone is ‘designed’ to
accommodate the growing brain, while the main function of
the more mature three-layered bone is to protect the brain
from external forces.
The parameter that showed the strongest correlation
with changes in CI was the average bone thickness, which
Figure 8 Differences in (a) average thickness (Th) and (b) bone surface to total volume (BS/TV) between bones that have one- or
three-layered structure. The development of the diploe¨ cavity is associated with an increase in Th and a decrease in BS/TV.
*p < 0.05.
Cranial bone structure in children 1595varied between 1670 and 3800 mm. Previous studies have
measured thickness values of 1100e1800 mm17 and
3400e4100 mm25 for a similar age range in non-
craniosynostotic infants by using computed tomography
(CT) scans. Although our measurements are within the re-
ported values, it is not clear how parietal thickness and
structure of infants with sagittal synostosis compare to
healthy controls. It must also be noted that only small pa-
rietal samples adjacent to the fused suture were analysed
in this study; hence, how the structure of skull bone
changes during infancy remains a question for future
studies.
In summary, our results demonstrate that the effec-
tiveness of SAC is related to the degree of development of a
three-layered structure to the calvarium and bone thick-
ness. It is also clear that the three-layered structure de-
velops at different ages and that bone increases inFigure 9 Analysis of change in cephalic index (CI) following sprin
with (a) bone average thickness (Th) and (b) bone surface to total
p < 0.001.thickness at varying rates between infants. Although young
patients are more likely to have one-layered bone, oper-
ating only on patients younger than 4.7 months old, which is
the earliest time in which a three-layered bone was found
in the current study, would leave out older patients who
could have equal or even greater benefit from SAC. In our
patient cohort, bone thickness proved to be a better indi-
cator of SAC performance than age. The biggest improve-
ments in CI were found for patients whose bones were
thinner than 2 mm, while patients with bones thicker than
3 mm showed an improvement of CI of less than 4%
(Figure 9). This suggests that pre-operative analysis of
cranial bone thickness could be a useful adjunct in pre-
dicting surgical outcome for children undergoing SAC. mCT
cannot obviously be used to assess patients pre-
operatively; hence, some of the parameters analysed
here cannot be retrieved for patients. However, cranialg-assisted cranioplasty. The change in CI is strongly correlated
volume (BS/TV). Both correlation coefficients are significant at
1596 N. Rodriguez-Florez et al.thickness can be measured from CT head scans25,26 or non-
invasively using ultrasound techniques27e29 and therefore
could be used to plan surgery accordingly.
Furthermore, a deeper understanding of bone micro-
structure in infants with sagittal synostosis could have im-
plications for other craniofacial techniques26 such as hel-
met therapy30 and distraction osteogenesis,31 all of which
rely on the malleability of infant cranial bone to achieve
desirable head shape changesdwhich, as shown in this
study, inherently depend on the bone. Given the different
surgical treatments available for the correction of sagittal
synostosis,4,5,32e35 future studies relating skull bone to
surgical outcomes could help determine the optimal type of
surgical intervention for each patient.
There are two limitations of our study. First, CI alone is a
rather crude measure of surgical outcome in the treatment
of sagittal synostosis, but for the purpose of the current
study, we believe this measure provides insightful infor-
mation for our analysis. Second, children with sagittal
synostosis are a rather heterogeneous group, with different
parts of the sagittal suture and indeed the calvarium being
affected to varying degrees in individual children. For our
study, we have analysed the micro-structure of a small
rectangular piece of bone and extrapolated this to repre-
sent the structure of the calvarium. This does induce a
degree of sampling error. This piece, however, is obtained
from a standard location, typically half way between the
site of the anterior and posterior fontanelles, and we
believe is representative of the underlying pathology and
structure.
Conclusion
Scans of parietal bone samples from infants with non-
syndromic sagittal synostosis undergoing SAC were ac-
quired, for the first time, using high-resolution mCT. Results
demonstrated that differences in bone structure strongly
affected head shape changes induced by SAC, which could
not be explained by patient age alone. This study suggests
that pre-operative analysis of cranial bone structure can be
used as a better predictor of outcome compared with the
age in patients treated with SAC. Given that there are
multiple proven treatment options for these kids,36 we
believe this is an important additional assessment when
planning surgical strategies for children with sagittal syn-
ostosis to ensure SAC can provide optimal patient-specific
outcomes.
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